Abstract: Starting from aspartic acid an efficient synthesis of enantiomerically pure f3-proiine and homo-f3-proiine is described. The key step of the synthesis includes formation of the 1,4-biselectrophile 6, followed by rearrangement via the aziridinium intermediate 7 and ring closure to give the pyrroiidinium salt 9a which can serve as a common precursor for both target compounds.
f3-Amino acids attract particular interest for the construction of bioactive compounds including f3-lactams, l peptidomimetics,2 and anti-tumor agents (e.g. taxol) . 3, 4 It has been shown that pyrrolidine-3-carboxylic acid (f3-proline) is a potent agonist at the strychnine-sensitive glycine receptor,5 serves as a building block for the preparation of novel inhibitors of bacterial DNA gyrase 6 and forms the central moiety of a conformatiofIall 1 restricted, highly potent fibrinogen receptor antagonist. In addition, f3-proline and pyrrolidine-3-acetic acid 8 (homo-f3-proline) both can serve as a conformationally restricted y -amino acid and bind to the y-aminobutyric acid (GABA) transport system in the brain. 9 On the other hand, it has been demonstrated that f3-peptides (peptides derived from f3-amino acids), 10 as well as cyclo-f3-peptides, II adopt remarkably compact and well-ordered conformations. Since proline plays a special role in directing the secondary structure of peptides 12 the investigation of f3-proline containing f3-peptides should be an interesting field.
We have recently developed methodology for regioselective transformations of (S)-aspartic acid (Asp) yielding the enantiomerically pure 1,2-and l,3-amino alcohols 2 and 3, respectively (Scheme 1).J3Depending on the order of activation and O-protection of the butanediol 1 and subsequent displacement reactions of the intermediates the target molecules could be synthesized selectively. Due to aziridinium intermediates, the route to the l,3-amino alcohols included a twofold migration of the dibenzylamino group. Furthermore, we found that regioselective functionalization of a l,4-bis-electrophile, obtained from the diol1 and an excess of methanesulfonyl chloride (MesCI), is possible when the activating anchimeric participation of the dibenzylamino group overrides the protecting steric effect. Employing this strategy a general synthesis of open chain f3-amino acids 4 could be elaborated. 14Furthermore, it was observed that the bis-electrophilic intermediate shows the tendency to form a pyrrolidinium salt through migration of the dibenzylamino group giving access to f3-proline derivatives 5. As an extension to these studies we herein report an application of these reactions for the chirospecific preparation of both enantiomers of f3-proline 15 and homo-f3-proline in detail.
For the preparation of the key intermediate 1 a two-step procedure which we have described earlier 13bwas applied under slightly modified reaction conditions. Thus, perbenzylation of aspartic acid and subsequent reduction by LiAIH 4 afforded the diol 1 in 84% overall yield (Scheme 2).
Our synthetic route included the activation of both alcohol functions of 1 which should be followed by rearrangement of the dibenzylamino group and cyclization. After careful hydrogenolysis the pyrrolidine lOa was planned to serve as a common precursor for (S)-f3-proline (12b) and (R)-homo-f3-proline (lSe). Depending on the configuration of aspartic acid the method should give access to the target molecules in both enantiomeric forms.
In practice, treatment of the diol 1 with an excess of MesCl and Et 3 N gave the dimesylate 6 which could be characterized in solution by immediately performed IH NMR spectroscopy. In order to obtain the projected pyr- rolidinium salt 9a in high yield it was important to purify 6 by low-temperature flash chromatography. Subsequent rearrangement and cyclization afforded 9a via the intermediates 7 and 8a in quantitative yield. If the temperature was raised before or during the separation the chlorides 8b and 9b were formed as byproducts. Furthermore, the highly polar pyrrolidinium salt 9a was built before or during the chromatographic step resulting in an obstruction of the column. Employing Pearlman's catalyst a selective hydrogenolytic monodebenzylation of9a or 9b could be performed to give lOa (in 99% yield, based on 1) or lOb, respectively.
The preparation of ,B-prolineis outlined in Scheme 3. Displacement reaction of the mesylate lOa in the presence of NaCNIBu4NCN resulted in the formation of the nitrile 11 in 93% yield. Subsequent acidic hydrolysis gave N-benzyl-,B-proline 12a as the hydrochloride salt. For the isolation of the free amino acid transformation of the hydro- MeOH,16h
chloride by ion-exchange chromatography (Amber lite IRA 400) or addition of I equivalent of Ba(OH)2 followed b~chromatography on Amberlite XAD 2 could be apphed. Removal of the benzyl group was accomplished under hydrogenolytic conditions [H 2 ,Pd(OH)iC, MeOH] to give the pure ,B-proline 12b. The ,B-proline ester 13a was prepared directly from crude hydrochloride 12a by treatment with SOCliMeOH at -60°C and subsequent warming to room temperature. Benzyl deprotection succeeded by hydrogenolysis resulted in the formation of the ,B-amino ester 13b. The enantiomeric integrity of the synthesis was established by derivatization of 13b. Thus, coupling of the amino ester 13b with (S)-l-phenylethyl isocyanate gave the urea 13c. Subsequent l3C NMR studies, including doping experiments with the diastereomer obtained by reaction ofl3b with (R)-l-phenylethyl isocyanate, proved the synthetic material to be isomerically pure.
For the preparation of the (R)-homo-,B-proline derivatives the mesylate lOa was reacted with diethyl malonate in the presence of CsF (which promotes SN2reactions of mesylates)16to afford the diester 14a in 58% yield (Scheme 4). Mild acidic hydrolysis of 14a gave 14b which could be characterized by IH NMR spectroscopy. Subsequent decarboxylation was accomplished to afford the crude amino acid lSb as the hydrochloride salt. For purification of ISh the most effective way was esterification, followed by flash chromatography, mild hydrolysis, and chromatography on Amberlite XAD 2. Hydrogenolytic debenzylation of ISh yielded (R)-homo-,B-proline lSc. Optical purity studies were performed by the coupling of ISh with (S)-alanine methyl ester. The isomeric purity of the resulting dipeptide 16 was >95%, as determined by lH NMR studies, including doping experiments with the diastereomer obtained by reaction of lSb with (R)-alanine methyl ester. 
To a solution of (S)-aspartic acid (50.0 g, 376 mmol) and K Z C0 3 (300 g, 2.14 mol) in water (400 mL) at 100°C was added slowly over I h benzyl bromide (300 mL, 2.52 mol). After refluxing for 2 h, the mixture was separated and the aqueous layer extracted with E~O (3 x 200 mL). The organic layer was dried (MgS0 4 ) and evaporated (60°C/1O-3 mbar) to give pure (S)-N,N-dibenzylaspartic acid dibenzyl ester (160.1 g, 86%) as a colorless oil. The analytical data were in agreement with those previously reported. A solution of (S)-N,N-dibenzylaspartic acid dibenzyl ester (160.1 g, 324.3 mmol) in THF (120 mL) was slowly added to a stirred suspension of LiAIH 4 (19.6 g, 516 mmol) in THF (120 mL) at _10°C (reaction mixture) followed by stirring for an additional 14 h at O°C and for 1 h at r.t. Then sat. NaHC0 3 was added slowly until the color of the suspension changed from light grey to white, followed by addition of E~O (100 mL). The mixture was filtered and the residue washed with E~O (2 x 250 mL). The organic layer was evaporated (60°CI 10-3 mbar) and the residue was purified by flash chromatography (light petroleumlEtOAc 1:1 to 1:4) to give 1 (89.88 g, 97%). Analytical data were in agreement with those previously reportedY Ent-l was prepared under the same reaction conditions starting from (R)-aspartic acid. MesCI (9.8 mL, 121 mmol) was added slowly over 0.5 h to a solution of 1 (11.21 g, 39.28 mmol) and Et 3 N (20.1 mL, 145 mmol) in THF (100 mL) at -25°C. After stirring for 1.5 h the mixture was cooled to -50°C. A mixture ofheptanelEtOAc (1: I, 150mL, -25°C) was added and the suspension was separated by flash chromatography (heptanel EtOAc I: 1,650 mL' -20°C, column: ¢ = 6 cm, silica gel, 85 g, <10 min). The combined fractions were left at r.t. for 48 h, reduced to 150 mL, and the separated oil was dried in vacuo. The product was used for the next step without further purification. Ent-9a was prepared under the same reaction conditions starting from ent-I. (3R)-1-Benzyl-3-mesyloxypyrrolidine (lOa): Crude 9a (complete, 39.28 mmol) was dissolved in EtOH (150 mL) and hydrogenated in a Parr hydrogenation apparatus (20 min, 1010 mbar, 890 mL Hz) using 20% Pd(OHh/C (2.60 g) as a catalyst. The mixture was filtered (Celite), evaporated, redissolved in CHCI 3 , and Et 3 N (6.0 mL, 43 mmol) was added. Then, the mixture was concentrated and the residue was purified by flash chromatography (light petroleumlEtOAc 7:3 to 1:1) to give lOa (9.98 g, 99%) as a colorless oil. Ent-lOa was prepared under the same reaction conditions starting from ent-9a. (3S)-1-Benzyl-3-chloropyrrolidine (ent-l Ob): Using ent-l (10.00 g, 35.0 mmol) as starting material, ent-9b was prepared as previously described for 9a, except that activation was done at -3°C and the mixture was stirred for an additional 1 hat _3°C. The crude mixture of products (9a and 9b) was debenzylated as described for lOa. Flash chromatographic purification gave ent-lOb (0.0652 g, 1.0%) besides ent-lOa (1.4029 g, 15%). 4.38 (dddd, J = 8.1, 6.3, 4.5, 3.7 Hz, IH, H3), 5H, . IR (NaCI): v = 3100, 3080, 3055, 3020, 3000, 2940, 2905, 2850, 2790, 1600, 1490, 1470, 1450, 750 ,700 cm-I .
CI-MS: mlz == 195 (M+).
(3S)-1-Benzylpyrrolidine-3-carbonitrile (11): 18 A stirred suspension of lOa (1.24 g, 4.86 mmol), NaCN (1.38 g, 28.1 mmol) and tetrabutylammonium cyanide (1.28 g, 4.76 mmol) in DMSO (5 mL) was heated (60-65°C) for 60 h. Then, sat. NaHC0 3 (4 mL) and water (10 mL) were added. After extraction with E~O (4 x 10 mL) the organic layer was dried (MgS0 4 ), evaporated, and the residue was purified by flash chromatography (light petroleum!EtOAcI E~NMe 140:60: 1) to give 11 (0.842 g, 93%) as a colorless oil. Ent -11 was prepared under the same reaction conditions starting from ent-lOa. IH NMR (360 MHz): 0 = 2.12 (dddd, J = 13.2, 7.9, 5.4, 5.4 Hz, IH, H4), 2.24 (dddd, J = 13.2, 9.9, 7.8, 6.6 Hz, lH, H4) 7.23-7.34 (m, 5H, H-arom) .
IR (NaCl): v = 2962 (NaCl): v = , 2929 (NaCl): v = , 2800 (NaCl): v = , 2239 (NaCl): v = , 1494 (NaCl): v = , 1453 (NaCl): v = , 1130 700 cm-I . CI-MS: mlz = 187 (M + I). C12H14N2:calcd: C 77. 38 H 7.58 N 15.04; found: C 77.09 H 7.60 N 15.31.
(3S)-1-Benzylpyrrolidine-3-earboxylie Acid (12a): A solution of 11 (1.445 g, 7.76 mmol) in 37% HCI (15 mL) was refluxed for 0.5 h, lyophilized and resuspended in water. After a second lyophilization sat. Ba(OH}z (30.0 mL) was added. The mixture was filtered (Celite), and the filtrate lyophilized. The residue was purified by column chromatography (XAD 2, H 2 0IMeOH 1:0 to 1:1) to give 12a (1.391 g, 87%) as an amorphous powder; mp 102-104°C. Ent-12a was prepared under the same reaction conditions starting from ent-11. 8.1, 6.1, 6.1 Hz, IH, H3), 3.36 (dd, J = 7.3, 7.3 Hz, 2H, H5), 3.48 (dd, J = 12.0, 8.1 Hz, IH, H2), 3.56 (dd, J = 12.0, 6.1 Hz, IH, H2) .
Methyl (3S)-1-Benzylpyrrolidine-3-earboxylate (13a): A solution of 11 (1.684 g, 9.041 mmol) in 37% HCI (15 mL) was refluxed for 0.5 h, lyophilized and dissolved in MeOH (20 mL). The stirred mixture was cooled to -50°C, and SOCI 2 (0.73 mL, 9.9 mmol) was added over 10 min. After warming to r.t. over 3 h, the mixture was stirred for an additional 11 h before sat. NaHC0 3 (60 mL) was added. After extraction with CH 2 CI 2 (3 x 60 mL) the organic layer was dried (MgS0 4 ), evaporated, and the residue was purified by flash chromatography (CH 2 CI 2 IMeOH 1:0 to 95:5) to give 13a (1.950 g, 98%) as a colorless oil. Ent-13a was prepared under the same reaction conditions starting from ent-1I. 3.61 (s, 3H, OCH 3 ), 5H, . 2952, 2793, 1737, 1494, 1453, 1436, 1201, 1172, 741, 700 (5.60 g, 21 .9 mmol), CsF (10.0 g, 65.8 mmol) and diethyl malonate (1O.0mL, 65.8 mmol) in DMSO (15 mL) was heated to 80°C for 12 h. Then water (75 mL) was added and the solution adjusted to pH = 8 with sat. NaHC0 3 . The solution was extracted with Etz0 (4 x 85 mL), the organic layer was dried (MgS0 4 ), evaporated, and the residue was purified by flash chromatography (light petroleumlEtOAc 7:3 to 1:1) to give 14a (4.05 g, 58%) as a colorless oil. Ent-14a was prepared under the same reaction conditions starting from ent-10a. 7.09-7.35 (m, 5H, H-arom) IR (NaCl): v = 3080, 3060, 3025, 2975, 2930, 2870, 2790, 1745, 1725, 1490, 1450, 740, 700 em-I. CI-MS: m1z = 319 (M+). HRMS: m1z CIRH2SN04: calcd: 319.1783, found: 319.1785. CIsH2SN04·1/6 H20: calcd: C 67. 06 H 7.92 N 4.34; found.: C 67.03 H 7.81 N 4.36 Ethyl (3R)-2-(l-Benzylpyrrolidin-3-yl)aeetate (15a): A stirred solution of 14a (0.527 g, 1.65 mmol) in 4 M HCI (4.0 mL) was heated to 45°C for 24 h. Subsequent lyophilization of the mixture gave crude 14b, which was directly used for the next step. Thus, 14b was dissolved in water (2 mL) and the water was distilled off over 6 h at 110°C. The residue was again dissolved in water (2 mL), the previous procedure repeated (12 h, 110°C) and the residue dried (r.t.1I0-3 mbar) to give crude 15b as the hydrochloride salt. Crude 15b was dissolved in EtOH (4 mL), cooled to -60°C and SOCI 2 (0.189 mL, 2.56 mmol) was added. Then, the mixture was stirred at -60°C -7 r.t. for 16 h and evaporated. The residue was dissolved in water (8 mL) and the solution was washed with Etz0 (2 x 8 mL). Then the aqueous layer was adjusted to pH = II with K Z C0 3 , extracted with CHCI3 (4 x 4 mL) and the organic layer was dried (MgS0 4 ). The residue was evaporated and purified by flash chromatography (light petroleum! EtOAclEtzNMe 50: 15: I to 7:3:0) to give lSa (0.341 g, 84%) as a colorless oil. Ent-1Sa was prepared under the same reaction conditions starting from ent-14a. lSa: [all/ +0.5 (c = 10, CHCI 3 ); ent-1Sa: [alli -0.2 (c = 10, CHCI3)·
